Aims. We analyze observational data from 4 instruments to study the correlations between chromospheric emission, spanning the heights from the temperature minimum region to the middle chromosphere, and photospheric magnetic field. Methods. The data consist of radio images at 3.5 mm from the Berkeley-Illinois-Maryland Array (BIMA), UV images at 1600 Å from TRACE, Ca ii K-line filtergrams from BBSO, and MDI/SOHO longitudinal photospheric magnetograms. For the first time interferometric millimeter data with the highest currently available resolution are included in such an analysis. We determine various parameters of the intensity maps and correlate the intensities with each other and with the magnetic field. Results. The chromospheric diagnostics studied here show a pronounced similarity in their brightness structures and map out the underlying photospheric magnetic field relatively well. We find a power law to be a good representation of the relationship between photospheric magnetic field and emission from chromospheric diagnostics at all wavelengths. The dependence of chromospheric brightness on magnetic field is found to be different for network and internetwork regions.
INTRODUCTION
The solar chromosphere is known to be highly structured at different spatial scales and the range of chromospheric inhomogeneities is best revealed when observed at different wavelengths from the extreme ultraviolet to millimeter waves (see, e.g., Solanki 2004) . Even far from activity complexes, in the quiet Sun magnetic field is generally believed to be responsible for chromospheric structuring. This is consistent with the strong correlation found between excess emission in the cores of the Ca ii K and H resonance lines (the primary chromospheric diagnostic) and the presence and strength of quietSun magnetic flux (e.g. Leighton 1959; Schrijver et al. 1989) . Consequently, these resonance lines commonly serve as indicators of changes in the chromospheric structure related to global magnetic activity and heating of the outer atmosphere of the Sun and cool stars (Rutten & Uitenbroek 1991; Schrijver et al. 1989) . In addition to the chromospheric emission related to the magnetic field, Schrijver (1987 Schrijver ( , 1992 has suggested that part of the radiative flux from solar and stellar chromospheres, referred to as basal flux, has a nonmagnetic origin and is believed to stem from acoustic heating of the chromosphere (see, e.g. Rutten & Uitenbroek 1991) .
The primary brightness patterns revealed in two-dimensional images obtained in the ionized calcium H and K lines include bright plages, chromospheric network located at the boundaries of supergranular cells, and bright points in the interior of the cells -internetwork grains or K2V bright points. Chromospheric network features are known to display a one-to-one spatial correspondence with regions of enhanced photospheric magnetic
Send offprint requests to: M. Loukitcheva field (Skumanich et al. 1975; Sivaraman & Livingston 1982; Nindos & Zirin 1998; Sivaraman et al. 2000) , while the (magnetic) origin of the internetwork grains is a controversial issue. From the analysis of simultaneous Kitt Peak Ca ii Kline spectroheliograms and photospheric magnetic area scans, Sivaraman et al. (2000) showed the association of internetwork K2V bright points with magnetic features, confirming the earlier results of Sivaraman & Livingston (1982) . However, from analysis of Ca ii K-line and magnetic field data from the BBSO, Nindos & Zirin (1998) have found that not all internetwork bright points are associated with magnetic fields. The existence of 2 distinct classes of cell-interior grains, which differ in temporal behaviour and spatial motion and have a different origin, was revealed by observations with the Swedish Solar Telescope reported by Brandt et al. (1992) , whereas Lites et al. (1999) found no obvious relation of the internetwork brightenings to the magnetic field, and Remling et al. (1996) concluded that they are a totally nonmagnetic phenomenon.
Quantitative studies of the relationship between magnetic field and the chromosphere (represented by the calcium K and H-lines), in both the active and quiet solar atmosphere, have been carried out by a number of authors (e.g. Skumanich et al. 1975; Schrijver et al. 1989; Nindos & Zirin 1998; Harvey & White 1999; Ortiz & Rast 2005; Rezaei et al. 2007 ). In the quietSun chromosphere Skumanich et al. (1975) and Nindos & Zirin (1998) found a linear correlation between the K-line intensities and the absolute values of the magnetic field strength. Schrijver et al. (1989) extended this relationship to solar active regions and suggested that the relation between the K-line excess flux density (after the subtraction of the basal flux from the observed Ca ii K-line flux) and the magnetic field flux den-sity is best described by a power law with an exponent of about 0.6. Considering 4 types of brightness structures, which included active regions, decaying active regions, the enhanced network and quiet (weak) network, Harvey & White (1999) ascertained that in both active and quiet Sun the relation between the magnetic flux density and calcium residual intensity follows a power law with an exponent of 0.5. Ortiz & Rast (2005) cited a powerlaw exponent value of 0.66 for the quiet Sun, while Rezaei et al. (2007) obtained a lower exponent of 0.2 for locations in a quietSun region, and higher values of 0.4-0.5 for network locations, depending on the magnetic field threshold value. found power-law relations between excess flux densities in stellar chromospheric lines with differing temperature responses, with the exponents increasing with increasing difference between their temperatures of formation. Relations between fluxes originating in the same atmospheric regime were found to be close to linear (i.e., having a powerlaw exponent of unity). For the quiet Sun the high degree of cospatiality of the brightness features seen in the Ca ii K line and the TRACE UV channels has been demonstrated by Rutten et al. (1999) .
Almost all these studies have been limited to the visible and UV spectral range. An exception is the work of Lindsey & Jefferies (1991) , who studied the cross-correlation statistics of the brightness variations in the submm (850µm) and Ca ii K-line images. Their results are confined to the temperature minimum region and the heights of the low chromosphere. No detailed studies have compared millimeter emission, which originates from the middle chromosphere, with other chromospheric indicators. From observations at 350, 850 and 1200 µm with the James Clerk Maxwell Telescope at a resolution of about 20 ′′ , Lindsey et al. (1995) reported submillimeter chromospheric brightness structures which resemble the supergranular network, although the resolution was marginal for such a study. Initial qualitative results of the comparison of chromospheric structure, identified in millimeter images obtained with BIMA at 3.5 mm with a resolution of about 10 ′′ , with calcium images from BBSO and line-of-sight photospheric magnetograms from SOHO/MDI were given in White et al. (2006) .
In this paper we present an observational study of the relationships between the photospheric magnetic field and emission at different temperatures from chromospheric heights. We study the chromospheric observational data referring to the temperature minimum region (UV continuum at 1600 Å), low chromosphere (Ca ii K line) and middle chromosphere (continuum at 3.5 mm). This is the first analysis of this type that includes millimeter observational data. Unfortunately, simultaneously recorded observational data on the chromospheric magnetic field suitable for such an analysis are unavailable. For this reason, we focus on the MDI/SOHO longitudinal photospheric magnetograms and study the dependence of the chromospheric intensity at different wavelengths on the photospheric magnetic field strength.
In Sec. 2 and 3 we describe the data and instruments used for the analysis and provide the details of the data reduction. In Sect. 4 the topography of the quiet chromosphere, chromospheric intensity distributions and cross-correlations between the magnetic field and chromospheric emission are presented. In Sect. 5 we summarize and discuss the results.
OBSERVATIONAL DATA
We analyze observations from the Berkeley-Illinois-Maryland Array (BIMA) at 85 GHz (λ = 3.5 mm), Ca ii K-line filtergrams from the Big Bear Solar Observatory (BBSO), UV images at 1600 Å from the Transition Region and Coronal Explorer (TRACE, Handy et al. 1999 ) and magnetograms from the Michelson Doppler Imager (MDI, Scherrer et al. 1995) on the Solar and Heliospheric Observatory (SOHO) satellite, obtained on May 18, 2004 . The data consist of temporally resolved images of the measured intensities, which are given in Kelvin for millimeter data (see Sec. 2.1), in relative units for Ca ii K-line and 1600 Å data (Sec. 2.2 and 2.3, respectively), and in Gauss for MDI photospheric magnetograms (Sec. 2.4). The overview of the data (including instruments, operating wavelengths, spatial resolution, cadence and image pixel size) used in the present study is given in Table 1 .
BIMA observations at 3.5 mm
The 3.5 mm observations of a quiet-Sun area near the center of the disk were acquired with 9 BIMA antennae during the time interval 16:43-20:21 UT (∼3.5 hours) when atmospheric phase conditions were good. The data were taken at a cadence of 10 seconds. The interferometer was in its most compact ("D") configuration for these observations, providing a spatial resolution of order 12
′′ within a 2 ′ field of view (FOV). The images were deconvolved using a maximum entropy method (MEM) and restored with a Gaussian beam. The details of the interferometric image restoration of the BIMA data, including description of the limitations imposed by the MEM deconvolution, are given in White et al. (2006) . The final images were 128 pixels square, with a cell size of 3 ′′ and the flux in the inner 80 pixels of the FOV with the center at (-17 ′′ , 71 ′′ ) in heliocentric coordinates. All images were corrected for the primary beam response and flux units were converted to brightness temperatures for a 12
′′

beam. Data within a 96
′′ radius of the pointing center are used in the analysis below. The zero level in the BIMA image corresponds the coldest feature on the surface in the chromosphere that is optically thick at 3.5 mm wavelength. This should be at a temperature of order 6500-7000 K. The temperature fluctuations in the BIMA image represent direct temperature measurements above this minimum value on the optically thick surface in the chromosphere, ranging from 0 to 1100 K in the map for the entire 3.5 hour period.
Ca ii K line observations at 393.3 nm
The Ca ii K-line observations were obtained with the 25-cm refractor of BBSO. A 5h sequence of filtergrams in the core of the Ca II K-line (393.3 nm) with a bandpass of 0.6 Å was recorded by a KX-260 CCD camera, which has 512 × 512 pixels and a dynamic range of 14 bits. The exposure time was 250 msec, the cadence was 30 sec, recorded field of view was 300 ′′ × 300 ′′ at a pixel size of 0.645 ′′ . The observations were taken under moderate to fair seeing conditions. The K-line data were preprocessed, which included calibration by dark and flat-field frames (Denker et al. 2001) . The intensity scale of the images was equalized by setting the quiet-Sun integrated background intensity in all images to the same value. No absolute flux calibration was available for the data, hereafter we use the Ca ii Kline intensities in arbitrary units. We note that the bandwidth of the calcium filter tuned to the line center was too large to separate the K-line peaks and thus the images obtained depict the structure of the solar chromosphere collected from a wide range of heights, but dominated by mid-chromospheric contributions, as sampled by the K2 peaks. ′′ radius BIMA FOV where we regard fluxes to be reliable. X and Y axes are in arcsec from the disk center, which is located at (0, 0).
TRACE observations at 1600 Å
In parallel with the BIMA observations a total of 14 TRACE images with a cadence of 20 minutes were recorded at a wavelength of 1600 Å at full resolution (0.5 ′′ pixel size). The images were preprocessed, which included subtraction of the dark pedestal and current, as well as division by a corrected flat field. The data were normalized to the exposure time, giving data numbers per second (DN s −1 ) with no absolute calibration. Both standard models of the quiet-Sun atmosphere such as FAL C (Fontenla et al. 1993 ) and non-LTE radiation hydrodynamic simulations such as those of Fossum & Carlsson (2005) place the disk-center radiation at 1600 Å in the temperature minimum region at a height of around 500 km above the photosphere (Handy et al. 1999; Krijger et al. 2001; Fossum & Carlsson 2005) , although a contribution from 10 5 K transition-region gas is also present due to the C IV lines. In the quiet Sun this contribution is expected to be small (Handy et al. 1998; Krijger et al. 2001 ).
MDI TRACE 1600
CaII K BIMA 3.5 mm (30, 50, 70, 90, 95, 98 )% of maximum brightness are overplotted in white.
MDI magnetograms
One-minute cadence full-disk MDI magnetograms 1 (spatial resolution of 4 ′′ , Scherrer et al. 1995) were selected for the 3.5 h BIMA observing period, which resulted in 188 images of the proxies of the photospheric magnetic field. The noise in the original 1-min MDI magnetograms is typically about 20 Gauss (Scherrer et al. 1995) , which is comparable to the magnetic signal of quiet-Sun network features. By averaging in time over 24 consecutive individual magnetograms (30-min sequence) we reduced the noise to 4 Gauss. Averaging over the whole 3.5 h observing period (188 images) resulted in a level of the random noise of about 1.5 Gauss. Prior to averaging the influence of solar rotation on the time series was removed (see Sect. 3).
DATA COALIGNMENT AND REDUCTION
We formed 4 observational data cubes I(x, y, t), which were subsequently aligned using a two-step procedure. The first step involved correction of differential solar rotation by using standard procedures of SolarSoftware in the IDL environment. All images were rotated to the fiducial time of 20:00 UT. In the second 1 lev1.8 data.
step the shift of the images was determined and applied by a 2D cross-correlation of each image of the sequence to the first image of the sequence.
After a sub-arcsecond accuracy was reached in the alignment of the data cubes we averaged the images in time over the whole observing period (16:43-20:20 UT) to obtain the mean (time-averaged) MDI magnetogram, Ca ii K filtergram, TRACE 1600 Å image and BIMA image at 3.5 mm. Additionally we averaged over the uninterrupted sequence of images of good quality within the time interval 19:00-19:30 UT to check the stability of the large-scale quiet-Sun structures. We based our correlation analysis on the mean images to avoid the scatter introduced by the chromospheric oscillations within cell interiors and the chromospheric network. Consequently, by averaging the images we also suppress proper motions of the K-grains and of bright points in the network.
Finally, the full disk B MDI images were chosen as the coordinate reference against which all other mean images were coaligned by using cross-correlation methods. Absolute values of the MDI magnetograms were formed prior to alignment. The remaining image displacements do not exceed 1 ′′ and we believe that they do not affect the results of our analysis. A 3.5h timeaveraged image of the BIMA FOV made at each of the 4 wave-length bands is shown in Fig. 1 at the original spatial resolution of each band.
The cross-correlation analysis between the chromospheric images and photospheric magnetograms was done both for the MDI magnetogram resolution (4 ′′ ) and for the resolution of the BIMA data (12 ′′ ). In the former case the Ca ii K-line and TRACE 1600 Å images were rebinned to make the size of the pixels equal to that of the magnetograms. In the latter case we degraded all images to the resolution of the BIMA data prior to crosscorrelating them. The shift between the BIMA images and the MDI magnetograms did not exceed 1 BIMA image pixel (< 3 ′′ ). Figure 2 shows example time-averaged images at BIMA resolution. Figure 1 depicts the time-averaged quiet solar chromosphere at 3 different heights from the temperature minimum region (TRACE 1600 Å image) through the lower chromosphere (Ca ii K-line filtergram) to the middle chromosphere (BIMA image at 3.5 mm) at the original resolution of the instruments (see Table 1 ) as well as the corresponding MDI/SOHO line-of-sight photospheric magnetogram. Since the QS region being analyzed lies near the disk center, the line-of-sight magnetic field, measured by MDI, can accurately be regarded as the vertical component of the magnetic field vector. Of particular interest is the relation of the BIMA image to the others. Visual inspection of Fig. 1 reveals strong morphological similarities between different chromospheric emissions and the photospheric magnetic field, most prominently on spatial scales of the enhanced magnetic flux and chromospheric network (brightenings in all 4 frames). In snapshot images (not plotted) brightenings appear not only at supergranular cell boundaries, but also within the cells. Averaged in time, bright network becomes more pronounced, while lowintensity short-lived internetwork bright points are significantly suppressed and eventually vanish with increased averaging. In general, use of time averages reduces differences between the 4 images due to the brightness variability of the structures.
RESULTS
Mapping of chromospheric structure
The impression of a high degree of correlation of photospheric magnetograms (absolute value) with the Ca ii K-line, 1600 Å and 3.5 mm images is confirmed quantitatively. Within a radius of 96 ′′ the linear correlation coefficient between the absolute magnetogram and calcium image is 0.75, while it is 0.63 between the magnetogram and emission at 1600 Å.
The degree of spatial agreement between the radio images and the other chromospheric diagnostics and the photospheric magnetic field is more clearly visible in maps degraded to the BIMA resolution of 12 ′′ , shown in Fig. 2 with radio contours overlaid on the other images at (30, 50, 70, 90, 95, 98 )% of maximum mm brightness. The correlation coefficients between the mm image and the magnetogram are 0.56 (linear) and 0.72 (rank), while for the mm image and Ca ii K-line image they are 0.65 and 0.69, respectively. At a resolution of 12
′′ the magnetogram shows a higher correlation with the calcium and 1600 Å images than at 4 ′′ resolution, with the linear correlation coefficient being 0.82 and 0.74, respectively.
Histograms of chromospheric intensity distribution
With sufficiently good statistics the brightness histogram is expected to have a log-normal shape, comparable with a single Fig. 3 . Intensity distribution histograms over the 2-D quiet-Sun region near the disk center obtained, from top to bottom, in the TRACE 1600 Å channel, the Ca ii K line and at 3.5 mm. In all three panels dotted curves depict log-normal fits.
population (Pauluhn et al. 2000) . To test whether this is the case for the chromospheric intensities studied here we built intensity distribution histograms (observed frequency distribution normalized to unit area) for the selected 2D images at 1600 Å and 3.5 mm and fitted them with a single log-normal distribution function. Following Fontenla et al. (2007) histograms of the Ca ii K intensity were fitted with a modified log-normal function having an additional parameter -an offset which represents line scattering of the photospheric background radiation. In Fig. 3 we show the derived histograms for the observed intensities at 1600 Å, in the Ca ii K line and at 3.5 mm and their log-normal fits with solid and dotted curves respectively.
A log-normal with an offset provides a good fit to the observed Ca ii K line intensity distribution, although the observed tail enhancement is slightly higher than that of the fitted lognormal (see central panel in Fig.3 ). For the 1600 Å intensities the quality of the fit diminishes at low and high flux values and the departure from a log-normal form increases. Finally, due to a substantially higher noise level in the millimeter brightness data (and the smaller number of resolution elements available for the histogram) it is difficult to evaluate the quality of the log-normal fit for this dataset. On the whole, a tendency for bigger departures from a log-normal can be observed when spatial resolution is decreased. However, we cannot rule out the possibility that we are seeing the effects of different heating mechanisms in cell interiors and network lanes being manifested in the intensity distributions. 
Relation between chromospheric emission and photospheric magnetic field
In order to study the relationship between the intensity of chromospheric bright features and the intensity of the associated magnetic elements, we computed scatter plots for the pairs of images. Firstly, we considered the pointwise (pixel-to-pixel) correlation globally in the field of view without regard to the location of the points. In Fig. 4 we show the resulting crosscorrelation statistics of the brightness features in the timeaveraged calcium image and the photospheric longitudinal magnetogram. The pixel intensity correlation is plotted in the main frame of the figure, with histograms of the calcium intensity in 4 subranges of the magnetic flux density superposed in the upper frame and of the magnetic field in 4 subranges of the calcium intensity to the right. We employed averaging over time to reduce the noise level in the scatter plots.
We searched for a quantitative relation between the quietSun mean magnetic flux density (its absolute value) per pixel of 2 ′′ and Ca ii K-line intensity, looking for the best leastsquares fit among functions of 2 types: linear (i.e. a power law with unit exponent, Eq. 1, following Skumanich et al. 1975; Nindos & Zirin 1998) and a "generalized" power law (Eq. 2, following Schrijver et al. 1989) .
(1)
The item I 0 in Eqs. 1 and 2 denotes "zero" or "basal" flux, introduced by Schrijver (1987) . For comparison with the results of Schrijver et al. (1989) and of others, who obtained a power law exponent of about 0.6 for active and quiet regions, we also calculated the best fit with the power-law exponent, b, fixed at 0.6. Fits to the data points and to binned values (averaged over all pixels within a narrow range of magnetic flux values) points (see central panel in Fig. 4 ) gave very similar results. Only data points with an absolute value of the magnetic flux exceeding the 1σ-noise level were considered for fitting.
In the same manner we studied the relationship between the observed UV intensity at 1600 Å and absolute magnetic flux density per 2 ′′ aperture, which is depicted in Fig. 5 , and between intensity at 3.5 mm and absolute magnetic flux density per 12 ′′ aperture, plotted in Fig. 6 . The decrease in range of < B > is due to the lower spatial resolution of mm data. In Table 2 we list the results of the function fitting to the data points for all 3 relationships investigated, and in particular we compare χ 2 values for 3 different fitting functions obtained for Poisson weighting and list the power law exponents obtained.
As seen from the scatter plots in Figs. 4, 5 and 6 all three quantities, Ca ii K-line, UV at 1600 Å and 3.5 mm emission, show a prominent non-linear dependence on photospheric magnetogram signal. This conclusion is confirmed by the best-fit curves plotted in Figs. 4, 5 and 6 and by the χ 2 values listed in Table 2 , which reach the smallest values for the fit in the form of a power law. The best-fit value of the power-law exponent is 0.31 for the relationship between the calcium intensity and the magnetic flux density, which lies between the high value of 0.6 ± 0.1 and 0.66 found by Schrijver et al. (1989) and Ortiz & Rast (2005) and the lower value of 0.2 obtained by Rezaei et al. (2007) . For 1600 Å intensity vs. magnetic flux we obtain an exponent of 0.36. These results do not change if we use, e.g., 10-minute or 30-minute averages instead of the 3.5h average used above. However, the scatter of the points at a given < B > decreases significantly with increasing averaging.
The relationships and density distributions that we determine nicely demonstrate that most of the data points in the quiet-Sun region are characterized by low magnetic flux and low chromospheric emission. In other words, the majority of data points lies in the lower left quarter of the scatter plot and "anchors" the relation. There are too few data points with high chromospheric emission and enhanced magnetic flux (greater than 100 G) to very reliably determine the form of the relation (see Figs. 4 and 5). The rather small 1σ error bars of the fitted exponents (last column of Table 2 ) are the formal errors returned by the fitting procedure and appear rather optimistic to us. Note that fitting of the data directly with a power law containing a zero flux item I 0 , corresponding to emission from locations of zero magnetic flux (non-magnetic component) is similar to determining the zero point of chromospheric emission using the algorithm applied by Schrijver et al. (1989) , according to which a range of test values of I 0 is subtracted from the observed flux I until the mean relationship ∆I = I − I 0 = a · |B| b reaches its highest correlation by minimizing the perpendicular offsets between the excess flux and the fit. We have tried fitted the data using both algorithms and obtained similar zero flux values and power law exponents. To demonstrate the success of the algorithm, introduced by Schrijver et al. (1989) , applied to the data analyzed here, we plot in Fig. 7 the excess Ca ii K-line and 1600 Å fluxes after subtraction of the derived basal flux (listed in the Y-axis captions) and the corresponding power-law curves. These fits yield zero-flux values I 0 and power law exponents b very similar to those derived when fitting the observed fluxes directly with a function of the form I = I 0 + a · |B| b (listed in Table 2 ).
The plot of millimeter brightness vs. magnetic field strength displays a considerable scatter about the mean relation, which may have different causes (see Fig. 6 ). Pixels in the lower left corner with very low mm brightness can result from the underestimation of the mm flux due to the high noise in the snapshot images (White et al. 2006 ). Some of the peculiar pixels with intense mm brightness (in the upper left corner) are located above localized (small-scale) photospheric magnetic elements and near polarity changes. Therefore the corresponding magnetic flux almost vanishes when degrading the magnetogram to the BIMA resolution. Again, a power law gives a far better representation of the data than the linear curve. In this case, a rather low exponent of 0.20 is obtained.
Magnetogram signal thresholding experiment
In Figs. 4, 5 and 6 the brightness shows signs of increasing more rapidly for smaller fields with B ≤ 30 G. This may be saying that the chromospheric emission from weak-field regions (internetwork) has a different source than from stronger network fields. To study how the correlation depends on the magnetogram signal we have performed a thresholding experiment. We have succes- . Log-log scatter plots for a) the Ca ii K-line excess mean intensity (after the subtraction of the zero flux) and b) TRACE 1600 Å excess mean intensity vs. the absolute value of the magnetic flux density (for 2 ′′ pixel size). The solid lines represent the least-squares power-law fits to the data. sively fitted the relations between the chromospheric radiation and photospheric magnetic flux exceeding a number of threshold values (from 0 to 35 Gauss for correlation at the resolution of the photospheric magnetogram and from 0 to 20 Gauss for the resolution of the mm images). In Figs. 8 and 9 we compare the resuting χ 2 values for linear and power law fits as a function of the B threshold value, plotted with triangle and diamond symbols, respectively. We also show the dependence of the fitted power-law exponent on the threshold value.
The power-law exponent of the fit to the calcium intensity grows with the imposed B threshold (see Fig. 8 ). The value of the power-law exponent of ≃ 0.5 is reached both when we discard pixels with weak fields and consider only those pixels with magnetic flux exceeding ≃ 20 G, and when we include all pixels in the fit (including those dominated by noise). The dependence of the power-law index on B threshold for the intensity at 1600 Å shows a different behaviour. It increases until it reaches a value of about 0.6. For magnetic flux density exceeding 13 G it starts to decrease rapidly for higher thresholds (Fig. 9b) . The scatter of the points is so large that for these data it is not possible to clearly distinguish between linear and power-law fits. The sensitivity of the power law parameters to the B threshold is due to the small number of points at large < B > (see Fig. 5 ), which is due to the fact that the observations refer to the quiet Sun. The scatter in the intensity at 3.5 mm is so large that its relationship with the magnetic flux density can be equally well fit by a linear or a power-law function. Also, the χ 2 values of the fits are large. However, according to the thresholding experiment for the correlation between the mm intensity and the magnetic flux (not plotted), a power law adequately fits the data for magnetic fields stronger than 3 G (∼ 1σ-noise level) and weaker than 15 G. For weak fields, the large scatter affects significantly the quality of the fit, while for fields stronger than 15 G there are insufficient data pixels for confident power-law fitting.
Discrimination between IN and NW emission. Separate flux analysis
Next we study the relations between the chromospheric emission and the magnetic flux separately for the areas representing cell interiors or internetwork (IN) and chromospheric network (NW). In other words, we tried to separate magnetically weak-field (IN locations) and strong-field (NW locations) components of the emission. To discriminate between IN and NW locations we employed a brightness threshold technique (see, e.g. Krijger et al. 2001) . To this end we fitted the Ca ii K-line intensity histogram constructed for the time-averaged intensity map by a double-Gaussian function, assuming that the intensity histogram is dominated by two main populations representing the IN and NW intensities (see Fig. 10 ). The resulting maxima of the single-Gaussian components were used as intensity thresholds to define respectively internetwork and network areas on the mean map. The resulting IN (black) and NW (white) binary masks are shown in the bottom panel of Fig. 10 . The points belonging to We apply these binary masks to study the relationship between the photospheric magnetic field and IN/NW fluxes, respectively (see Figs. 11, 12 and 13) . Following the approach outlined in Sect. 4.3 we fitted the scatter plots with linear and power-law functions. For the areas selected to represent the network a power law provides the best fit to the data. In Table 3 we list the exponents from the best-fit power laws for the images at the resolution of the MDI magnetograms (4 ′′ ) and of the BIMA images (12 ′′ ). Below we discuss the results obtained for the 3.5h image averages, but for comparison we list in Table 3 also those for the 0.5h time-averages. For the calcium NW intensity, averaged in time over 3.5 hours, the best-fit power-law exponent is 0.6, which is consistent with the value derived by Schrijver et al. (1989) for the Ca ii K-line flux in an active region and by Harvey & White (1999) for the enhanced network. We note a big difference from the value we derived with no image segmentation (0.6 vs. 0.31, see Table 2 ), which means a stronger dependence of the network calcium intensity on the magnetic flux. At a resolution of 12 ′′ the best fit for the NW Ca ii K-line flux is also provided by a power law. This time the power law exponent is 0.54, which is also in agreement with the results of Schrijver et al. (1989) , who state that the mean dependence of the Ca ii K-line excess flux on the magnetic flux density is more or less scale independent. Analysis of the network emission at 1600 Å gives similar results. The power-law exponent in the relationship between the NW intensity at 1600 Å and the magnetic flux density is ≃ 0.5 at 4
′′ resolution and 0.66 at 12 ′′ resolution Table 3 ). Finally, millimeter emission from the network regions as a function of the absolute value of the magnetic field is also best described by a power law (among the considered functions, see Fig. 13 ). In this case, however, exponents larger than unity are obtained and we regard this result with caution and do not include it in Table 3 .
The fact that chromospheric emission (be it from Ca ii K, the 1600Å range or 3.5 mm continuum) from the internetwork regions shows almost no dependence on the magnetogram signal We also studied the internetwork emission using a less strict criterion to discriminate between the cell interiors and the cell boundaries. Points with the calcium intensity not exceeding the value corresponding to the intercept point of the two-Gaussian fit to the intensity histogram were selected to represent the IN mask. However, the use of this mask does not influence the results of the fit. Again, no dependence of IN chromospheric emission on the magnetogram signal was found. Consequently, the high level of noise in the MDI magnetograms used here (compared to the range of the B values in the internetwork regions) hinders a reliable study of the relation of internetwork chromospheric emission on magnetic field.
Chromospheric flux-flux relations
We studied flux-flux relationships by constructing scatter plots for chromospheric intensities. In this analysis excess fluxes for K-line and 1600 Å emission were considered, employing the basal fluxes derived earlier (see Sect. 4.3 and Fig. 7) . For the mm intensity we included the zero flux as a parameter in the fitting power-law function. Next, using the χ 2 criterion we searched for the best linear and power law fits to these relationships. The scatter plots of intensity at 1600 Å vs. Ca ii K-line intensity as well as Ca ii K-line and 1600 Å vs. 3.5 mm intensity are depicted in Fig. 14 together with the best power-law and linear fits. For all three dependencies the curves depicting both fits are hardly distinguishable and the fits are of similar quality (see Fig. 14) .
For the relation between K-line intensity and intensity at 1600 Å the power-law exponent is ≃ 1, which implies that the relationship between the excess fluxes is close to linear at a resolution of 4 ′′ . The relationship between mm and calcium, as well as between mm and UV emissions at the resolution of the mm images, are both best described by power laws with the best-fit exponents of ≃ 0.7, but as mentioned this exponent is rather uncertain since a linear function also represents the data well.
DISCUSSION AND CONCLUSIONS
We have considered chromospheric disk-center, quiet-Sun emission at different wavelengths and its dependence on photospheric magnetogram signal, including, for the first time, observations at 3.5 mm. Maps in Ca ii K core intensity, the TRACE 1600 Å channel, BIMA 3.5 mm brightness temperature and (unsigned) MDI magnetograms reveal clearly the same pattern, although at different spatial resolutions. At the resolution of 12 ′′ millimeter brightness resembles quiet-Sun time-averaged emission from other chromospheric heights, and demonstrates a dependence on the underlying magnetic field similar to that of the other chromospheric diagnostics.
The tightest relation between the chromospheric emission and photospheric magnetic field is displayed by the Ca ii K line. At all wavelengths a power law gives a lower χ 2 than a linear fit, although for the 1600 Å radiation the difference is marginal. For Ca ii K this result supports the conclusion reached by Schrijver et al. (1989) , but based on active region data, and by Harvey & White (1999) for both active and quietSun magnetic structures. For Ca ii K Skumanich et al. (1975) and Nindos & Zirin (1998) found a linear dependence to be adequate. However, the linear dependencies were obtained after excluding weak fields (weaker than 25 G and 20 G, respectively) and for a magnetogram signal not exceeding 120 G and 50 G, respectively. In our study we included both weak fields exceeding 1σ-noise level of the magnetograms (1.5 or 4 G depending on the amount of averaging), and the highest values reached in the quiet-Sun data (about 230 G at MDI's spatial resolution). This suggests that the non-linearity of the relation found in this work is influenced mostly by weak chromospheric emission that reveals a strong dependence on magnetic fields. For instance, if we set a B threshold of 20 G we cannot distinguish between the quality of the linear and power-law fits for all chromospheric emissions analyzed here. Our conclusions agree with those presented by Rezaei et al. (2007) , who found from the POLIS measurements at 1 ′′ resolution a clear non-linear increase of the calcium core flux with magnetic flux for values B ≤ 100 G and a slow increase for higher values. They also demonstrated that the power-law exponent depends strongly on the value of the lower threshold.
The difference between the maximum magnetogram signal reached in our data and that in the data of Skumanich et al. (1975) and Nindos & Zirin (1998) may indicate either that their quiet-Sun regions are even quieter than the one we analyzed, or it may reflect differences in spatial resolution. One more difference between our analysis and the others is that we consider temporally averaged data rather than snapshot images. By using time-averaging we reduce significantly the scatter in the relationship and the noise in the magnetograms, which lead to more reliable power-law fits. By employing snapshot images we get more points in the scatter plots but due to higher magnetogram noise level the power-law exponent is even lower (and less reliable) than for the time-averaged images. One should also note the difference in the analysis techniques between this work and the others applied for building the scatter plots. In this work we employed pixel-to-pixel comparison of the images. However, the results of the fits are similar if we consider the binned chromospheric data averaged within a narrow range of magnetogram values. On the whole, from the data analyzed here we are able to confidently determine non-linear behaviour of 3 chromospheric magnetic-intensity relationships.
The exact power law exponents of the relations between the calcium core emission and the photospheric magnetic field differs from that found by Schrijver et al. (1989) (0.3 vs. 0.6) . This probably has to do with the smaller < B > range available in the quiet Sun, although it cannot be ruled out that the Ca ii K intensity does not increase so rapidly in the quiet Sun as in active regions (see Solanki et al. 1991) . To compare these explanations, we studied the dependence of the calcium emission on the magnetic flux in an active region close to disk center observed by the BBSO and MDI on 11.03.2004. The exponent obtained from a power-law fit for the AR emission is surprisingly low and similar to the QS values, being in the range 0.28-0.32, with the exact value depending somewhat on the criterion chosen to identify the AR pixels on the map. The use of a pixel size and a noise threshold similar to that of Schrijver et al. (1989) does not increase the value of the power-law exponent and it still differs from that of Schrijver et al. (1989) and Harvey & White (1999) . The difference may have to do with the spectral range covered by the different observations.
The reduction in the power-law exponent as compared to the value derived by Schrijver et al. (1989) may be to a large extent the result of the inclusion of weak magnetic flux regions, which are systematically characterized by magnetogram field strengths that are smaller than the true values due to the presence of weak neutral lines with null line-of-sight component. Unfortunately, we cannot exclude the influence of these horizontal magnetic fields, which are missed by MDI observations. Such fields, partly seen in the internetwork regions by Hinode (e.g. Lites et al. 2007) , are very likely small loops (Centeno et al. 2007; Martínez González et al. 2007 ) and may be due to a local dynamo (Vögler & Schüssler 2007; Schüssler & Vögler 2008) . It is unclear if such low-lying loops really influence the structure of the higher-lying chromosphere. However, if they do contribute to the heating of those layers then this could explain the high chromospheric emission from many spatial locations associated with small magnetic fluxes in the MDI data (Fig. 7) . Unresolved opposite magnetic polarities within the same individual MDI pixels have a similar effect. Both these effects together could explain the result that the power law exponent is lower when very quiet (low flux) pixels are included. Studies at higher spatial resolution and sensitivity are needed to test these hypotheses.
On the whole, chromospheric emission displays a rather different dependence on the network and internetwork magnetic field. The power-law exponents in the relation between the Ca ii K-line intensity and the network magnetic flux are found to be similar to those obtained by Schrijver et al. (1989) for an active region and by Harvey & White (1999) for the quiet Sun network. The same conclusion holds for the relation between the UV emission at 1600 Å and magnetic flux in the network regions of the quiet Sun. For chromospheric fluxes at a resolution of 4
′′ it was found that emission from the network entirely defines the trend for magnetic flux densities stronger than ≃ 20 G. Our results for the calcium core emission remarkably confirm those of Rezaei et al. (2007) , who obtained for the ensemble of quiet-Sun points a low value for the power-law exponent of ≃0.2 (for snapshot images), while for the network emission from regions with B ≥ 20 G the exponent reaches the value of 0.51 (and 0.45 for B ≥ 10 G).
A considerable scatter about the mean relation between the millimeter flux at 3.5 mm and the magnetic flux density per 12 ′′ aperture makes a confident study of the mean trend difficult. Although the data strongly suggests that the dependence of the 3.5 mm brightness on magnetic field is non-linear and best described by a power law (among the functional forms considered here), but the sizeable scatter does not allow the exponents to be determined reliably. The best fit exponent depends strongly on the range of < B > considered.
In the internetwork regions almost no dependence of the Ca ii K-line, UV at 1600 Å and 3.5 mm intensity on the magnetogram signal was found. Unfortunately, due to the very low B values in the internetwork, only a few percent of IN structures are associated with magnetogram signal exceeding the noise level. However, it should be noted that analysis of the cell interiors and their relation to the underlying magnetic field carried out in Rezaei et al. (2007) for Ca ii H-line with lower noise and higher resolution has revealed similar results. This supports the idea that the role of magnetic field is negligible for bright internetwork grains (e.g. acoustic heating).
Correlation analysis performed for the quiet-Sun chromospheric emissions surprisingly revealed a linear relation between the Ca ii K-line intensity and UV brightness at 1600 Å. According to , who claimed that the relations between the fluxes originating in the same atmospheric regimes are commonly close to linear, these chromospheric emissions are both generated in the chromospheric temperature regime from chromospheric ranges of heights. However, solar models place UV emission at 1600 Å in the temperature minimum region, while calcium emission is believed to be generated from heights more typical of the lower chromosphere. The powerlaw relations between calcium flux and 3.5 mm flux, as well as between 3.5 mm brightness and 1600 Å flux, suggest different temperatures of formation for these pairs of emissions, but as the power-law exponent do not differ much from unity we may assume that these emissions are still close in the heights of formation. However, the flux correlation analysis for the considered emissions and its conclusions should be treated with caution. Due to the very different temperature sensitivity of, on the one hand, UV and calcium intensity, and, on the other hand, 3.5 mm brightness, they represent different contributions from small (unresolved) hot magnetic features and cool weak-field regions within the same resolution element. In other words, in an inhomogeneous atmosphere the UV samples mainly the hot features, while the mm is composed of radiation from both. This could explain some of the difference in the behaviour of 1600 Å and Ca ii K excess emission compared to mm emission, and, in particular, the large scatter in the flux-flux plots (Fig. 14) .
Summarizing, clear spatial correlations found between photospheric magnetograms, the Ca ii K-line, UV intensity at 1600 Å and 3.5 mm emission indicate that heating in the quietSun lower and middle chromosphere maps out the underlying photospheric magnetic field rather well. Our results imply that at the chromospheric heights covered by the wavelengths investigated here we deal with the same heating mechanism. However, any mechanism that explains chromospheric heating must explain the relationship between chromospheric intensity excess and magnetic fields. In particular, it should validate both the dominating role of magnetic field in the chromospheric emission of the network and the absence of correlation between the internetwork emission and magnetic flux.
Of particular interest is the possibility of studying the middle chromosphere at the heights where mm emission originates, but because of very limited spatial resolution and insufficient sensitivity a detailed study like that cannot be conducted at present. In general, present data on both chromospheric emission and magnetic field are not sufficient to establish physical mechanisms that are acting at chromospheric heights leading to the observed brightness structures. In this respect, an extraordinarily powerful tool to study the thermal structure of the solar atmosphere from the temperature minimum region to the middle chromosphere will be provided by the Combined Array for Research in Millimeter-wave Astronomy (CARMA) and particularly by Atacama Large Millimeter Array (ALMA) as was demonstrated in Loukitcheva et al. (2008) .
